Chromosomal replicases are multiprotein machines comprised of a DNA polymerase, a sliding clamp, and a clamp loader. This study examines replicase components for their ability to be switched between Grampositive and Gram-negative organisms. These two cell types diverged over 1 billion years ago, and their sequences have diverged widely. Yet the Escherichia coli ␤ clamp binds directly to Staphylococcus aureus PolC and makes it highly processive, confirming and extending earlier results (Low, R. L., Rashbaum, S. A., and Cozzarelli, N. R. (1976) J. Biol. Chem. 251, 1311-1325). We have also examined the S. aureus ␤ clamp. The results show that it functions with S. aureus PolC, but not with E. coli polymerase III core. PolC is a rather potent polymerase by itself and can extend a primer with an intrinsic speed of 80 -120 nucleotides per s. Both E. coli ␤ and S. aureus ␤ converted PolC to a highly processive polymerase, but surprisingly, ␤ also increased the intrinsic rate of DNA synthesis to 240 -580 nucleotides per s. This finding expands the scope of ␤ function beyond a simple mechanical tether for processivity to include that of an effector that increases the intrinsic rate of nucleotide incorporation by the polymerase.
Numerous proteins cooperate to perform the complicated task of replicating duplex DNA. At the heart of this process lies the replicative DNA polymerase machinery. The chromosomal replicase of Escherichia coli is a large particle, DNA polymerase III holoenzyme, which consists of 10 different proteins in stoichiometries that range from one to four (reviewed in Refs. [1] [2] [3] . Within the holoenzyme are two copies of the three subunit core polymerase (␣, DNA polymerase (4); ⑀, proofreading 3Ј-5Ј-exonuclease (5); and ) (6 -8) . The ␤ subunit of DNA polymerase III holoenzyme is a protein ring that encircles DNA and slides along the duplex (9, 10) . The ␤ ring binds the ␣ subunit of core and tethers the holoenzyme to DNA for high processivity in DNA synthesis (9) . The five subunits that comprise ␥ complex (␥␦␦Ј) act as a clamp loader to open and close the ␤ ring around DNA in an ATP-driven reaction (11, 12) .
The main bacterial system for study of cellular DNA replication is the Gram-negative E. coli. However, there is a great deal of diversity in the eubacterial kingdom. Perusal of bacterial genome data bases reveals homologs to the E. coli ␤ clamp, ␣ subunit of core polymerase, and at least two (␥ and ␦Ј) of the five subunits of ␥ complex, suggesting that the overall strategy of using a clamp and clamp loader generalizes among this diverse group of organisms (eukaryotes also use a clamp loader replication factor C) and clamp (proliferating cell nuclear antigen)) (13, 14) .
The evolutionary split between Gram-positive and Gramnegative bacteria occurred over 1 billion years ago, and the sequences of the replicative polymerase and ␤ clamp have diverged considerably. Purification of the replicative DNA polymerase, encoded by polC, from a variety of Gram-positive cells yields only a single polypeptide, in contrast to the multiprotein holoenzyme particle purified from E. coli (15) (16) (17) (18) . The PolC polymerase, unlike E. coli ␣, contains an intrinsic 3Ј-5Ј-exonuclease activity and is approximately the size of E. coli ␣ and ⑀ combined. Even though PolC does not purify with other associated subunits, it has been shown to be the chromosomal replicase by genetics and by studies using the antibiotic compound, hydroxyphenylaza-uracil (HPUra). 1 HPUra inhibits PolC in vitro by competing with dGTP. Bacterial strains that are resistant to HPUra encode a mutant PolC that is resistant to HPUra in vitro (19 -22) .
The Gram-positive PolC presumably functions with the ␤ clamp and clamp loader, but the interactions among these proteins must be weaker than in the E. coli holoenzyme because a PolC holoenzyme has not been purified. Evidence that Bacillus subtilis PolC functions with other proteins was provided by a much earlier study that demonstrated PolC stimulation by partially purified preparations of E. coli DNA polymerase III subunits (21) . These preparations, called elongation factors I and II, likely correspond to the ␤ clamp and ␥ complex clamp loader (11) . Presumably, E. coli ␥ complex assembled E. coli ␤ onto DNA, whereby it bound to B. subtilis PolC and increased its processivity. Specific utilization of these replication components from such diverse bacteria is quite astounding given the low level of sequence homology between them.
This report examines the cross-utilization of replicase components between E. coli and Staphylococcus aureus. The PolC of S. aureus (1431 amino acids) shows approximately 16% identity to the E. coli ␣ and ⑀ subunits (1160 and 242 amino acids, respectively). The ␤ clamps of these two systems show approximately 27% identity. The results show that S. aureus PolC indeed binds E. coli ␤ directly and converts S. aureus PolC into a highly processive polymerase. The report also examines the S. aureus ␤ clamp and studies its effect on S. aureus PolC and E. coli core polymerase. As expected, S. aureus PolC is stimulated by its cognate ␤ clamp. Although E. coli core displays a weak interaction with S. aureus ␤, it does not function with the S. aureus ␤ clamp in replication assays. The molecular basis that may underlie this lack of reciprocity is discussed. * This work was supported by National Institutes of Health Grant GM38839. The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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EXPERIMENTAL PROCEDURES
Reagents-Unlabeled ribonucleoside and deoxyribonucleoside triphosphates were from Amersham Pharmacia Biotech, and radioactive nucleoside triphosphates were from NEN Life Science Products. Restriction enzymes were from New England BioLabs and calf thymus DNA was from Sigma. DNA oligonucleotides were synthesized by Life Technologies, Inc. E. coli proteins were purified as described: ␣, ⑀, and ␥ (23), ␤ (10), ␦ and ␦Ј (24) , and (25), (26) , SSB (36) . E. coli core polymerase and ␥ complex were reconstituted from pure subunits and purified as described (26, 27) . E. coli ␤ PK is ␤ containing a 6-residue C-terminal kinase recognition site (28, 29) . Protein concentrations were determined using Protein Stain (Bio-Rad) and bovine serum albumin (BSA) as a standard.
DNA Substrates-M13mp18 ssDNA was purified from phage that was prepared by two consecutive bandings in cesium chloride as described (30) . Assays using circular M13mp18 ssDNA were uniquely primed with a synthetic DNA 30-mer as described (23) . To prepare the linear ssDNA substrate, M13mp18 ssDNA was primed with a DNA 45-mer (5Ј-AGC TTG CAT GCC TGC AGG TCG ACT CTA GAG GAT CCC CGG GTA CCG-3Ј) followed by digestion with 2 units of XbaI/g of DNA (XbaI site is underlined). This produces a linear ssDNA with a 22-base pair duplex at the 5Ј end. Complete digestion was confirmed by agarose gel electrophoresis performed in the absence of ethidium bromide, which separated the linear and circular ssDNA. Linear ssDNA was phenol-extracted, ethanol-precipitated, and resuspended in 10 mM Tris-HCl (pH 7.5) and 1 mM EDTA (TE buffer). Its concentration was estimated upon comparison to known amounts of circular ssDNA in an ethidium bromide-stained native agarose gel.
Genomic DNA was obtained from S. aureus strain 4220 (a gift of Dr. Pat Schlievert, University of Minnesota), which lacks a gene needed for producing toxic shock (31, 32) . S. aureus cells were grown overnight at 37°C in LB containing 0.5% glucose and collected by centrifugation (24 g, wet weight). Cells were resuspended in 80 ml of 50 mM glucose, 10 mM EDTA, and 25 mM Tris-HCl (pH 8.0). SDS and NaOH then were added to 1% and 0.2 N, respectively, followed by incubation at 65°C for 30 min to lyse the cells. 68.5 ml of 3 M sodium acetate (pH 5.0) was added, followed by centrifugation at 12,000 ϫ g for 30 min. The supernatant was discarded, and the pellet was washed twice with 50 ml of 6 M urea in TE buffer. The pellet was then resuspended in 50 ml of TE, and CsCl 2 (43.46 g) was added. The preparation was poured into two 35-ml ultracentrifuge tubes, and 0.5 ml of a 10 mg/ml ethidium bromide solution was added to each tube. Tubes were spun at 55,000 ϫ g for 18 h at 18°C in a Sorvall TV860 rotor, and genomic DNA was extracted using a syringe and needle. Ethidium bromide was removed using two butanol extractions and then dialyzed against 4 liters of TE at pH 8.0 overnight. The DNA was recovered by ethanol precipitation, resuspended in TE buffer (1.7 mg total), and stored at Ϫ20°C.
Expression and Purification of S. aureus PolC-The S. aureus polC gene (33) was amplified from genomic DNA, digested with NsiI, gelpurified, and ligated into pET11 (Novagen) that had been digested with NsiI and gel-purified. The resulting pET11polC plasmid was transformed into E. coli strain BL21(DE3). 24 liters of E. coli BL21(DE3)pET11polC were grown in LB media containing 50 g/ml ampicillin at 37°C to an optical density of 0.7, and then the temperature was lowered to 15°C. Isopropyl-1-thio-␤-D-galactopyranoside was added to 1 mM, and the culture was incubated another 18 h at 15°C. Expression of S. aureus PolC was sufficiently high to be easily visualized by Coomassie Blue staining of an SDS-polyacrylamide gel of whole cells. The expressed protein migrated in an SDS-polyacrylamide gel in a position expected for a 165-kDa polypeptide. In this procedure, it is important that cells are induced at 15°C, as induction at 37°C produces a 130-kDa truncated version of PolC.
PolC was purified essentially as described (33) . Briefly, cells (12 g, wet weight) were lysed in 50 ml of 50 mM Tris-HCl (pH 7.5), 10% sucrose, 5 mM dithiothreitol, 5 mM EDTA, and 30 mM spermidine using a French press. Phenylmethylsulfonyl fluoride (2 mM) was added, and the lysate was clarified by centrifugation. The supernatant was dialyzed for 1 h against Buffer A (20 mM Tris-HCl (pH 7.5), 4% (v/v) glycerol, 0.1 mM EDTA, and 5 mM dithiothreitol) containing 50 mM NaCl to a conductivity equivalent to 190 mM NaCl. The dialysate (208 mg in 24 ml) was diluted to 50 ml using Buffer A to bring the conductivity equal to 96 mM NaCl and then was loaded onto an 8-ml Mono Q column equilibrated in Buffer A containing 50 mM NaCl. The column was eluted with a 160-ml linear gradient of Buffer A from 50 mM NaCl to 500 mM NaCl; 75 fractions (1.3 ml each) were collected. The presence of PolC was followed in the column fractions using the calf thymus DNA synthesis assay, and 20 l of each fraction was analyzed by Coomassie Blue staining of an SDS-polyacrylamide gel. Based on the DNA synthetic capability and the correct size band in the gel, fractions 56 -65 containing PolC were pooled (31 mg in 22 ml). The pooled fractions were dialyzed overnight at 4°C against 50 mM phosphate (pH 7.6), 5 mM dithiothreitol, 0.1 mM EDTA, 2 mM phenylmethylsulfonyl fluoride, and 20% glycerol (P-cell buffer). The dialyzed pool was loaded onto a 4.5-ml phosphocellulose column equilibrated in P-cell buffer and then eluted with a 25-ml linear gradient of P-cell buffer from 0 to 0.5 M NaCl. Fractions of 1 ml were collected and analyzed in an SDS-polyacrylamide gel stained with Coomassie Blue. Fractions 20 -36 contained the majority of the PolC at a purity of greater than 90% (5 mg). The PolC was aliquoted and stored frozen at Ϫ80°C.
Expression and Purification of S. aureus ␤-The S. aureus dnaN gene (42) encoding ␤ was amplified from genomic DNA, digested with NdeI/BamHI, and ligated into the NdeI/BamHI sites of pET16b (Novagen), which places a leader onto the N terminus that includes six histidine residues (to form pETbeta). The expression clone encoding ␤ pk was generated similarly, except that the downstream primer encoded a six-residue extension (RRASVP) that serves as a kinase recognition sequence (to form pETbeta PK ). Expression plasmids were transformed into E. coli-competent SURE II cells (Stratagene). The following procedure describes how S. aureus ␤ was purified. 24 liters of BL21(DE3)pETbeta cells were grown in LB containing 50 g/ml ampicillin at 37°C to an optical density of 0.7, and then the temperature was lowered to 15°C. Isopropyl-1-thio-␤-D-galactopyranoside was added to a concentration of 2 mM, and cells were incubated another 18 h at 15°C. Cells were harvested by centrifugation (44 g, wet weight) and stored at Ϫ70°C. The following steps were performed at 4°C. Cells (44 g, wet weight) were thawed and resuspended in 45 ml of 1ϫ binding buffer (5 mM imidazole, 0.5 M NaCl, 20 mM Tris-HCl (final pH 7.5)) using a Dounce homogenizer. Cells were lysed in a French press at 20,000 p.s.i., and then 4.5 ml of 10% polyamine P (Sigma) was added. Cell debris and DNA were removed by centrifugation; over 50% of the ␤ was in the soluble fraction. The supernatant (890 mg of protein) was applied to a 10-ml HiTrap chelating Sepharose column (Amersham Pharmacia Biotech) equilibrated in binding buffer. The column was washed with binding buffer and then eluted with a 100-ml linear gradient of 60 mM to 1 M imidazole in binding buffer. Fractions of 1.35 ml were collected and analyzed for the presence of ␤ in an SDS-polyacrylamide gel stained with Coomassie Blue. Fractions 28 -52, containing most of the ␤ subunit, were pooled (82 mg in 35 ml). The S. aureus ␤ becomes insoluble as the ionic strength is lowered. Therefore, the pool of ␤ was dialyzed overnight against Buffer A containing 400 mM NaCl. The dialyzed pool became slightly turbid, indicating that ␤ was at its solubility limit at these concentrations of protein and NaCl. The insoluble material was removed by centrifugation and then diluted 2-fold with Buffer A to bring the conductivity equal to 256 mM NaCl. The protein (64 mg) was applied to an 8-ml Mono Q column equilibrated in Buffer A plus 250 mM NaCl and then eluted with a 100-ml linear gradient of Buffer A from 0.25 to 0.75 M NaCl. Fractions of 1.25 ml were collected. The ␤ eluted in fractions 1-18 (24 mg) and then was aliquoted and stored frozen at Ϫ80°C.
Calf Thymus DNA Synthesis Assay-Assays contained 2.5 g of activated calf thymus DNA in a final volume of 25 l of 20 mM Tris-HCl (pH 7.5), 8 mM MgCl 2 , 5 mM dithiothreitol, 0.5 mM EDTA, 40 g/ml BSA, 4% glycerol, 0.5 mM ATP, 3 mM each dCTP, dGTP, dATP, and 20 M [␣- 32 P] dTTP. An aliquot of the fraction to be assayed was added to the assay mixture on ice followed by incubation at 37°C for 5 min. DNA synthesis was quantitated using DE81 paper as described (34) .
Kinase Protection Assay-Kinase protection assays were performed in 30-l reactions containing 45 pmol of ␤ PK dimer (S. aureus ␤ PK or E. coli ␤ PK ) in the presence of either 225 pmol of S. aureus PolC, 180 pmol of E. coli core, and 9.5 g of BSA or 37 g of BSA in 20 mM Tris-HCl (pH 7.5), 2 mM dithiothreitol, 100 mM NaCl, and 12 mM MgCl 2 . Reactions were preincubated at 15°C for 15 min. 5 Ci of [␥-
32 P]ATP then was added, and reactions were shifted to 37°C for 1 min. Phosphorylation was initiated upon addition of 0.0015 unit of recombinant catalytic subunit of cAMP-dependent protein kinase (gift of Dr. Susan Taylor, University of California, San Diego). Aliquots (5 l) were withdrawn at the indicated times (10, 20, 30 , 60 and 120 s) and quenched with 20 l of 5 mM ATP and 50 mM EDTA. Phosphorylation of ␤ PK was analyzed on a 12% SDS-polyacrylamide gel. The gel was exposed to a PhosphorImager screen, and results were quantitated using a PhosphorImager (Molecular Dynamics).
Replication of Primed Linear DNA-DNA synthesis by S. aureus PolC or E. coli core on a primed linear M13mp18 ssDNA substrate was performed in the presence of varying amounts of ␤ and was assayed as follows. Replication reactions (25 l) contained 20 mM Tris-HCl (pH 7.5), 8 mM MgCl 2 , 40 g/ml BSA, 60 M each dCTP, dGTP, and dATP, 20 M TTP, 1.25 Ci of [␣-32 P]TTP, 0.1 mM EDTA, 5% glycerol, 28.5 fmol of linear M13mp18 ssDNA, 0.8 g of SSB, and the following proteins: 15 ng (93 fmol) of S. aureus PolC (or 45 ng (271 fmol) of E. coli core) and increasing amounts of either S. aureus or E. coli ␤ (0 ng, 10 ng, 30 ng, 100 ng, 300 ng, 1 g, 3 g, and 10 g). Reactions were incubated at 37°C for 5 min and quenched upon addition of an equal volume of 1% SDS and 40 mM EDTA. For the time course analysis, reaction conditions were as described above with the following exceptions: S. aureus PolC was varied from 1.5 to 150 ng (see Fig. 6 ), and the amount of S. aureus ␤ was 6 g/25-l reaction. The reactions were preincubated for 3 min at 37°C in the presence of 60 M each of dCTP and dGTP (and the absence of dATP and TTP). DNA synthesis was initiated upon addition of 60 M dATP, 20 M TTP and 1.25 Ci of [␣-
32 P]TTP. At the indicated times (8, 11, 15, 30, and 60 s) reactions were quenched upon addition of an equal volume of 1% SDS and 40 mM EDTA. Samples (20 l) were analyzed by electrophoresis in a 0.8% neutral agarose gel. Gels were dried, and radioactive products were visualized following exposure to a PhosphorImager screen.
Replication of Primed Circular ssDNA-Reactions were performed in 25 l of 20 mM Tris-HCl (pH 7.5), 8 mM MgCl 2 , 40 g/ml BSA, 0.1 mM EDTA, 5% glycerol, and 60 M each dCTP and dGTP containing 28.5 fmol of circular M13mp18 ssDNA, 0.8 g of SSB, 0.5 mM ATP, S. aureus PolC (15 ng (93 fmol), 45 ng (278 fmol), 300 ng (1.8 pmol), 1 g (6.2 pmol), 3 g (18.5 pmol), or 10 g (62 pmol)). When present, E. coli ␤ (246 fmol as dimer) and ␥ complex (84 fmol) were added. Reactions were preincubated for 3 min, and synthesis was initiated upon addition of dATP (60 M) and [␣- After an additional incubation for 3 min at 37°C, reactions were quenched and analyzed in a native agarose gel, followed by analysis using a PhosphorImager.
RESULTS

S. aureus PolC
Interacts with E. coli ␤-The crystal structure of the E. coli ␤ dimer shows that it is a ring-shaped structure with two distinct faces (10) . Both C termini of ␤ extrude from one face as illustrated in the diagram in Fig. 1 . Earlier studies showed that both the ␣ subunit and ␥ complex interact with the C-terminal face of ␤ (35). One assay demonstrating this interaction was a kinase protection assay in which a six-residue kinase recognition sequence was engineered onto the C terminus of ␤ (to produce ␤ pk ) (28, 29) . The cAMP-dependent protein kinase phosphorylates the C termini of the recombinant ␤ pk . However, in the presence of either core polymerase or clamp loader, phosphorylation of ␤ pk is inhibited (35) . The result indicates that binding of the polymerase or clamp loader to ␤ prevents efficient access of kinase to its recognition site on ␤. This kinase protection assay is used in Fig. 1A to determine whether the S. aureus PolC can interact directly with E. coli ␤ pk . The rate of phosphorylation of E. coli ␤ pk was examined either alone or in the presence of an excess of E. coli core polymerase or S. aureus PolC. The result, in Fig. 1A, shows that E. coli core and S. aureus PolC are approximately equal in their abilities to inhibit phosphorylation of E. coli ␤ pk . Hence, PolC is able to bind to the E. coli ␤ clamp. Does S. aureus ␤ interact with E. coli core polymerase? To test this, the dnaN gene-encoding S. aureus ␤ was engineered to encode a protein containing the six-residue kinase recognition sequence at the C terminus. The S. aureus ␤ pk was then purified and treated with kinase in the presence or absence of either S. aureus PolC or E. coli core. The result, in Fig. 1B, indicates that S. aureus ␤ pk interacts with S. aureus PolC as expected for the actions of this chromosomal replicase. However, the E. coli core polymerase only slightly protects S. aureus ␤ pk from phosphorylation (approximately 25% protection). This slight protection is reproducible (not shown), indicating that E. coli core may weakly interact with S. aureus ␤. However, the kinase protection assay requires relatively high concentrations of protein (i.e. M). Hence, it is possible that this putative interaction may be too weak to stimulate E. coli core in DNA replication assays in which proteins are present in nM concentration.
PolC Functions with S. aureus ␤-Next, we studied these protein-protein interactions for function in DNA replication assays. First, we examined S. aureus PolC for functional interaction with the S. aureus ␤ clamp during DNA synthesis. The typical primed template used in the study of E. coli DNA polymerase III holoenzyme is a circular phage ssDNA genome, 5-9 kb in length, which is coated with SSB and primed with a synthetic DNA oligonucleotide. Use of a primed circular template requires a clamp loader to open and close the ␤ ring around the primed site. However, we did not have the S. aureus clamp loader for these studies.
An earlier study in the yeast replication system showed that the circular sliding clamp (yeast proliferating cell nuclear antigen) was capable of slipping over the end of a linear DNA substrate and then functionally coupling with the DNA polymerase ␦ in the complete absence of the clamp loader (37) . In the experiment shown in Fig. 2 we employed a similar strategy, using a linear DNA substrate to test whether S. aureus PolC functionally couples with the S. aureus ␤ clamp. Circular M13mp18 ssDNA was linearized using an oligonucleotide that anneals over a restriction site, leaving 22 bp of duplex DNA at one end for polymerase extension (see the diagram in Fig. 2 ). S. aureus ␤ was then titrated into reactions containing the primed linear template, PolC, and [ 32 P]dNTPs. Reactions were quenched after 5 min, and DNA products were analyzed on native agarose gels, followed by autoradiography. The results, in the first eight lanes shown in Fig. 2 , demonstrate that full-length 7.2-kb M13mp18 duplex DNA is formed at the three highest amounts of the ␤ added to the assay, indicating that ␤ had self-threaded onto the linear DNA end and had coupled with PolC. Two smaller products are also observed in all lanes, even in the absence of S. aureus ␤. These products likely correspond to pause sites, such as DNA secondary structures, which PolC has difficulty synthesizing across. The requirement for a large amount of S. aureus ␤ in this assay is consistent with the requirement for a large amount of proliferating cell nuclear antigen in the earlier study (37) . The requirement of large amounts of ␤ (and proliferating cell nuclear antigen) may be explained by the need for two relatively rare events: 1) the ring must collide with DNA such that the end of the DNA goes through the protein ring; and 2) the polymerase must associate with the ring at the 3Ј primer terminus before the ring, which slides freely on DNA slides back off the DNA end into solution.
PolC Functions with E. coli ␤, but E. coli Core Does Not
Function with S. aureus ␤-Next, we used the primed linear DNA assay to determine whether S. aureus PolC functions with E. coli ␤, and whether E. coli core can use S. aureus ␤. The results in Fig. 2 (lanes 17-24) demonstrate that S. aureus PolC can use E. coli ␤ about as well as S. aureus ␤, consistent with the results of the kinase protection assay in Fig. 1 . However, E. coli core cannot use S. aureus ␤ in this assay (Fig. 2, lanes  9 -16) . The combination of E. coli core with E. coli ␤ shows the greatest amount of synthesis (Fig. 2, lanes 25-32) . However, much more E. coli core (271 fmol, final concentration 10.8 nM) is used than S. aureus PolC (93 fmol, final concentration 3.7 nM) in these experiments. A titration and time course of S. aureus PolC⅐S. aureus ␤, presented later in this report (see Fig. 6 ), indicates that it achieves much greater efficiency as its concentration is increased above 3.7 nM. The PolC⅐␤ Complex Is Inhibited by TMAU-The arylhydrazinopyrimidine, TMAU, a derivative of HPUra, is a potent inhibitor of PolC in vitro (19 -22) . Lanes 1 and 2 in Fig. 3 show that TMAU inhibits DNA synthesis by S. aureus PolC on singly primed M13mp18 circular ssDNA. Does TMAU still inhibit PolC when combined with E. coli ␤? If PolC functions with a ␤ clamp in vivo, one may well expect the PolC⅐␤ complex to be inhibited by TMAU, as TMAU is a potent antibacterial compound of Gram-positive cells.
In the experiment shown in Fig. 3 , E. coli ␤ was assembled onto primed SSB-coated circular M13mp18 ssDNA using ␥ complex in the presence of S. aureus PolC. Under the conditions used, at least 80% of the DNA templates contain a ␤ clamp. This assay reaction contained dCTP and dGTP but lacked dATP and dTTP. Thus, upon assembly of PolC with ␤ to form the PolC⅐␤ complex on DNA, the polymerase will not extend the primed site for lack of two dNTPs. The dCTP and dGTP also prevent the intrinsic 3Ј-5Ј-exonuclease of PolC from removing the primer, thereby constraining the PolC⅐␤ complex to "idle" at the primed site, ultimately incorporating and removing a few nucleotides at the 3Ј primer terminus. After the 3-min assembly reaction, dATP and [␣-32 P]dTTP were added to initiate a 3-min pulse of DNA synthesis in the presence or absence of TMAU. Analysis of the reaction products in a native agarose gel shows a full-length circular duplex product (RfII) in the absence of TMAU (Fig. 3, lane 3) , but no RfII product in the Fig.  4) . Hence, the experiment shown in Fig. 3 was performed using an amount of PolC that requires ␤ for appearance of the fulllength product during the time frame of this assay. The results demonstrate that TMAU still inhibits PolC when it is coupled to the ␤ sliding clamp.
The effect of TMAU on the Gram-negative E. coli core polymerase is shown in lanes 5-8 of Fig. 3 . In the absence of ␤⅐␥ complex, no synthesis is observed in the presence or absence of TMAU, consistent with the inefficiency of E. coli core in the absence of the ␤ clamp, especially on DNA coated with SSB (38) .
In contrast, in the presence of ␤⅐␥ complex, the core polymerase extends the primed site full circle in the presence or absence of TMAU (Fig. 3, lanes 7 and 8) , consistent with the inability of HPUra and its derivatives to inhibit the growth of Gram-negative bacteria.
S. aureus PolC Is Distributive-As shown in the experiment in Fig. 4 , we studied the rate of primer extension on M13mp18 ssDNA by PolC alone at two different concentrations of the enzyme to determine whether PolC acts in a distributive or processive fashion. If PolC is highly processive (i.e. greater than the 7.2-kb length of the template), it should produce full-length RfII product at any concentration; at subsaturating amounts of PolC, the intensity of the DNA products will diminish, but the profile of length versus time will appear the same as with use of saturation PolC. On the other hand, if PolC functions in a distributive fashion, it will act upon the primed ssDNA templates as a population, hopping among one to the other, taking them all to full-length product over time. In this case, the time course of the product profile will show distinct patterns for different PolC concentrations, with longer products at each time point for the higher concentration of PolC compared with shorter products for the lower concentration of PolC. In the experiment shown in Fig. 4 , either 0.3 or 1 g of PolC was added to primed and SSB-coated circular M13mp18 ssDNA in the presence of dCTP and dGTP. After 3 min, dATP and [␣-32 P]dTTP were added to initiate DNA synthesis, and aliquots were removed at the indicated times, followed by analysis in a neutral agarose gel. The results show that the length of products at each time is greater for the higher polymerase concentration compared with the lower concentration of PolC, indicating that PolC acts in a distributive fashion on the population of DNA templates. At the highest level of PolC, RfII product appears within 1-1.5 min for a speed of 80 -120 nucleotides per s. Experiments using yet higher amounts of PolC (3-10 g), not shown here, demonstrate a similar profile of product formation as observed at the 1-g level of PolC. Therefore, 1 g of PolC is saturating. At saturating PolC, the primed site should always be occupied by polymerase, and therefore, the observed 80 -120 nucleotides per s rate of synthesis is the intrinsic rate of nucleotide incorporation by PolC alone.
The ␤ Clamp Increases the Speed and Processivity of S. aureus PolC-In the next series of experiments, we determined the rate of nucleotide incorporation by PolC alone when coupled to either E. coli ␤ or S. aureus ␤. Experiments using PolC alone are shown in Fig. 4 . In this experiment, either 0.3 or 1 g of PolC was added to primed and SSB-coated circular M13mp18 ssDNA in the presence of dCTP and dGTP. After 3 min, dATP and [␣-32 P]dTTP were added to initiate DNA synthesis, and aliquots were removed at the indicated times, followed by analysis in a neutral agarose gel. The results show that the time required to form RfII product changes as the polymerase concentration is increased, indicating that PolC acts in a distributive fashion on the population of DNA templates. At the highest level of PolC, RfII product appears within 1-1.5 min for a speed of 80 -120 nucleotides per s. Experiments using yet higher amounts of PolC (3-10 g), not shown here, demonstrate a similar profile of product formation at the 1-g level of PolC. Therefore, 1 g of PolC is saturating. At saturating PolC, the primed site should always be occupied by polymerase, and therefore, the observed rate of synthesis is the intrinsic rate of nucleotide incorporation by PolC.
As shown in Fig. 5 , we performed a similar experiment as shown in Fig. 4 , except that E. coli ␤ and ␥ complex were present. This time the profile of product length over time did not change with PolC concentration although the total amount of the product increased as the concentration of PolC was increased. This result indicates that the S. aureus PolC⅐E. coli ␤ complex acts in a highly processive fashion, fully replicating some of the DNA molecules although leaving other primed templates untouched. Consistent with this interpretation, the UV-induced ethidium bromide fluorescence of the agarose gel revealed the presence of unused primed template even after the appearance of full-length RfII in reactions containing either 15 or 45 ng of PolC (data not shown). Processive action during synthesis of a 7.2-kb primed M13mp18 ssDNA template is also consistent with the known behavior of E. coli core polymerase in the presence of ␤ and ␥ complex (39 -41) . The last two levels of S. aureus PolC used in the experiment shown in Fig. 5 (150 and 450 ng) gave similar results to one another, indicating that the reaction is saturated at 150 ng of PolC, far lower than the 1 g level of PolC needed to saturate the reaction in the absence of ␤⅐␥ complex. In the presence of ␤ and ␥ complex, full-length RfII product is observed within 30 s. Therefore, the rate of synthesis when PolC is coupled to E. coli ␤ is ϳ240 nucleotides per s.
The action of S. aureus PolC with S. aureus ␤ could not be tested on primed circular M13mp18 ssDNA because we did not have the S. aureus clamp loader for these studies. Therefore, we tested the E. coli ␥ complex for its ability to assemble S. aureus ␤ onto DNA, but it could not (data not shown). Hence, we used a primed linear M13mp18 ssDNA to examine the speed of PolC with S. aureus ␤. As explained earlier (Fig. 2) , when ␤ is present at a high concentration, some of the ␤ ring threads onto the end of a primed linear template and couples with the polymerase in the absence of a clamp loader. In the experiment shown in Fig. 6 , increasing amounts of S. aureus PolC were preincubated with S. aureus ␤ and primed linear M13mp18 ssDNA in the presence of dCTP and dGTP. After the preincubation, DNA synthesis was initiated upon addition of dATP and [␣-
32 P]dTTP, and timed aliquots were removed for analysis in a native agarose gel. The reaction product profile with time appears qualitatively similar at all polymerase concentrations, indicating that S. aureus PolC behaves in a highly processive fashion when coupled to the S. aureus ␤ clamp. This was expected for a polymerase that also displays high processivity when coupled to a noncognate ␤ clamp. Formation of full-length product generally requires 30 -60 s. Some completed product is visible at 15 s, indicating that S. aureus PolC, in complex with S. aureus ␤, can travel at a rate of at least 480 nucleotides per s, close to the 750 nucleotides per s speed of E. coli DNA polymerase III holoenzyme.
Quantitation of DNA synthesis in this experiment demonstrated that only 5% of the input DNA had been extended in 1 min at the highest amount of PolC used. This inefficient template use is likely due to only a few templates receiving a ␤ clamp, despite the use of 6 g of ␤ and a 3-min preincubation with DNA and PolC. The product observed near the position of primed ssDNA is likely due to a short extension via distributive action by PolC of the bulk of the DNA templates lacking a ␤ ring.
DISCUSSION
Over 1 billion years have elapsed since the evolutionary split between Gram-negative and Gram-positive bacteria. There is only 16% identity between the ␣⅐⑀ complex of E. coli core (1402 residues total) and S. aureus PolC (1431 residues) and 27% identity between S. aureus ␤ (378 residues) and E. coli ␤ (366 residues), yet PolC is capable of utilizing the E. coli ␤ clamp for high processivity in DNA synthesis. However, the E. coli core polymerase (␣⑀) has only a putative weak interaction with the S. aureus ␤ clamp and is not stimulated by S. aureus ␤ in DNA synthesis. An attempt to rationalize this observation follows.
The crystal structure of E. coli ␤ shows that the five Cterminal residues (MPMRL) extend out from the ring into solution; the four residues adjacent to these (AYVV) are involved in the last of a series of sheets that form a continuous layer of pleated sheet structure all the way around the entire perimeter of the ring (10) . Mutational analysis of each of the four C-terminal residues of E. coli ␤ to alanine demonstrated that the C-terminal leucine was essential for polymerase function with ␤ (35). This single L366A ␤ mutant was inactive in replication and was incapable of binding ␣ (35). The R365A mutant was fully active, and the M364A mutant retained partial activity (ϳ50%). The P363A mutant was as inactive as L365A.
Perusal of the C-terminal residues of ␤ subunits from several Gram-positive and Gram-negative bacteria, shown in Fig. 7 , indicates that the C-terminal leucine is highly conserved in the ␤ subunits of Gram-negative organisms. However, the ␤ subunit of each Gram-positive organism sequenced to date does not contain a leucine in this position; most contain a threonine residue. Hence, inability of E. coli core to use S. aureus ␤ may lay in the substitution of threonine for the E. coli ␤ C-terminal leucine. The other important residue on ␤ for core polymerase function is Pro-363. This proline is completely conserved in the ␤ subunits of both Gram-positive and Gram-negative bacteria.
This study confirms and extends the findings of a much earlier report on the DNA polymerase III (PolC) of the Grampositive B. subtilis organism. The authors showed that B. subtilis PolC was stimulated by preparations of E. coli elongation factor I and elongation factor II (16) . These E. coli elongation factors were previously noted to stimulate synthesis of E. coli DNA polymerase III core and likely represent ␤ (elongation factor I) and ␥ complex (elongation factor II).
The E. coli ␥ complex is not capable of assembling S. aureus ␤ onto DNA (data not shown). The previous mutational study of E. coli ␤ subunit showed that the C-terminal leucine of ␤ was also required for interaction with the ␦ subunit of ␥ complex (35) . Hence, the substitution of threonine for leucine in S. aureus ␤ may also underlie its inactivity with E. coli ␥ complex. Despite these observations, the ␣ and ␦ subunits must interact with ␤ at several different amino acid positions in addition to the few residues at the C terminus. We are currently examining whether the threonine in S. aureus ␤ is the sole determinant underlying inactivity in the E. coli system. However, given the large divergence between the sequences of these proteins from Gram-negative and Gram-positive cells, it is quite possible that yet other residues are altered in S. aureus ␤ that are needed for functional interaction with E. coli ␣ and ␥ complex. Indeed, it may be considered more surprising that S. aureus PolC functions with E. coli ␤ at all.
In the E. coli system, the interaction between the core polymerase and ␤ is modulated by DNA (35) . In the absence of DNA, core binds ␤ quite weakly, but once the ␤ clamp has been assembled onto DNA, core binds ␤ at least 50-fold tighter (9, 35) . This modulation of affinity of core polymerase for ␤ prevents free ␤ from binding core. In addition, ␥ complex binds ␤ in competitive fashion with core. If core were to bind free ␤ tightly, ␥ complex would not have access to ␤ for its clamp loading function. We have tried to measure the K d value for interaction between S. aureus PolC and ␤ in the absence of DNA. In the E. coli system, this value is approximated to be 250 nM in solution and was determined by gel filtration of protein mixtures at a relatively high concentration (9) . We have examined mixtures of S. aureus PolC with S. aureus ␤ and E. coli ␤ under similar conditions but do not observe complex formation, indicating that their interaction may be even weaker than 250 nM. Once ␤ is on DNA, E. coli core binds ␤ with a K d of 5 nM or less (35) . This tight interaction underlies the high processivity of the E. coli DNA polymerase III holoenzyme. This study shows that S. aureus PolC is highly processive with E. coli ␤ and S. aureus ␤, indicating that PolC interaction with ␤ is also greatly strengthened on DNA relative to interaction with ␤ in solution.
In the absence of a clamp, S. aureus PolC is a much better polymerase than E. coli core or even E. coli polymerase III* (the nine-subunit assembly of polymerase III holoenzyme that lacks only ␤). S. aureus PolC extends the primed site completely around a primed SSB-coated 7.2-kb M13mp18 ssDNA circle in the complete absence of accessory factors. In contrast, E. coli polymerase is greatly inhibited in extension of a primer around an ssDNA-phage genome coated with SSB (38) , and in fact, no full-length RfII product is formed even after overnight incuba- tion. 2 Hence, S. aureus PolC is a more robust polymerase than E. coli core. Indeed, saturating S. aureus PolC, by itself, fully extends a primed site around an M13mp18 ssDNA circle in 1-1.5 min, for an intrinsic speed of 80 -120 nucleotides per s. Most DNA polymerases, like PolC, are capable of extending a primer around SSB-coated M13mp18 ssDNA. For example, E. coli DNA polymerase II acts in a distributive fashion to extend primer around primed SSB-coated M13mp18 ssDNA with an intrinsic speed at saturation of ϳ40 nucleotides per s (43) .
This report indicates that the intrinsic speed of S. aureus PolC is enhanced upon coupling with E. coli ␤ or S. aureus ␤. Like S. aureus PolC, E. coli DNA polymerase II functions with ␤⅐␥ complex (39, 43) . However, the intrinsic speed of DNA polymerase II is not enhanced by ␤⅐␥ complex (43); it still advances at the same 40 nucleotides per s rate (43) . In contrast, S. aureus PolC incorporates nucleotides at a rate of at least 240 nucleotides per s in the presence of E. coli ␤⅐␥ complex and up to 580 nucleotides per s with S. aureus ␤. Hence, the ␤ clamp would appear not only to endow S. aureus PolC with high processivity, but it would also appear to increase the ratelimiting step during actual catalysis. Therefore, the observations of this report on the effects of ␤ on speed and processivity of S. aureus PolC indicate that the ␤ clamp may be more than a simple tether to hold a polymerase to DNA for processive action; ␤ may also act as an effector molecule, increasing the intrinsic rate of nucleotide incorporation by the replicative polymerase.
